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BAs is III-V semiconductor with ultra-high thermal conductivity, but many of its electronic 
properties are unknown. This work applies predictive atomistic calculations to investigate the 
properties of BAs heterostructures, such as strain effects on band alignments and carrier mobility, 
considering BAs as both a thin film and a substrate for lattice-matched materials. The results show 
that strain decreases the band gap independent of sign or direction. In addition, biaxial tensile strain 
increases the in-plane electron and hole mobilities by more than 60% compared to the unstrained 
values due to a reduction of the electron effective mass and of hole interband scattering. Moreover, 
BAs is shown to be nearly lattice-matched with InGaN and ZnSnN2, two important optoelectronic 
semiconductors with tunable band gaps by alloying and cation disorder, respectively. The results 
predict type-II band alignments and determine the absolute band offsets of these two materials with 
BAs. The combination of the ultra-high thermal conductivity and intrinsic p-type character of BAs, 
with its high electron and hole mobilities that can be further increased by tensile strain, as well as 
the lattice-match and the type-II band alignment with intrinsically n-type InGaN and ZnSnN2 
demonstrate the potential of BAs heterostructures for electronic and optoelectronic devices.  
 
1. Introduction 
Boron Arsenide (BAs) is an attractive electronic material due to its ultra-high thermal conductivity 
 2 
 
(~1300 Wm–1K–1),[1–3] native p-type dopability,[4] and the availability of millimeter-size single 
crystals as substrates for thin-film growth.[3,5,6] Following the experimental validation[1–3] of the 
theoretical prediction[7,8] of its ultra-high thermal conductivity, research efforts have focused on its 
growth and fundamental characterization.[9] These results include studies of the thermal, optical, 
electronic, and structural properties of BAs in both bulk and 2D forms.[4,9–16] However, to fully 
evaluate its potential in electronic and optoelectronic applications, the properties of BAs 
heterostructures with other semiconductor materials, either as a thin film or as a substrate, must be 
investigated. 
On one hand, BAs is a promising thin-film semiconductor. Two important degrees of freedom 
for thin-film engineering in device architectures are mechanical strain and band alignment. Strain 
arising from epitaxial mismatch strongly affects the electronic properties of materials, including 
the band gap,[17] band alignments,[18] effective masses,[19] and mobility.[20,21] For the epitaxial 
growth of BAs thin films on the (111) plane, candidate tetrahedrally bonded substrate materials are 
ZnO (3.249 Å[22]), GaN (3.189 Å[23]), or GaAs (3.997 Å[24]), which result in epitaxial strains ranging 
from –6% to +15% (Figure 1(a)). However, the effects of mechanical strain on the electronic 
properties of BAs are unknown. 
On the other hand, BAs can also be utilized as a high-thermal-conductivity substrate for the 
epitaxial growth of other semiconductors (Figure 1(b)). Specifically, the lattice constant of the 
(111) plane of BAs (3.380 Å[1]) is well matched with InGaN alloys (3.189 – 3.533 Å[23,25,26]) and 
disordered ZnSnN2 (~3.383 Å).[27] These materials are prominent optoelectronic materials due to 
their direct band gap in the visible range (and the resulting strong optical absorption and emission), 
which can be tuned by adjusting the alloy composition (InGaN) or the degree of cation disorder 
(ZnSnN2),[28] but they both face challenges in device applications. On the one hand, the amount of 
In that can be incorporated into InGaN is limited in part due to the large mismatch with the 
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underlying substrate, typically GaN or sapphire. On the other, ZnSnN2 films are unintentionally 
heavily n-type in nature, and require a partner p-type semiconductor in devices such as LEDs or 
solar cells. Both materials could benefit from p-type substrates with minimal lattice misfit for high-
quality thin-film growth. BAs can be a potential junction partner to these materials owing to its 
intrinsic p-type nature and lattice matching. However, band offsets for these hybrid structures and 
the assessment of their potential for device applications have not yet been determined. 
In this work, we aim to understand the effect of biaxial strain on the band structure, mobility, 
and absolute band alignments of BAs with density functional theory (DFT) calculations and explore 
its possible applications in semiconductor heterostructures, either as a thin-film, where biaxial 
strain may enhance its electronic properties, or as a substrate, where it may form advantageous 
heterojunctions with other materials. We show that when epitaxially grown with 1% biaxial tensile 
strain, both electron and hole mobilities are increased by over 60%, showing promise for fast-
switching and energy-efficient transistors. We also propose favorable nearly-lattice-matched 
heterojunctions of two important compounds, InGaN and ZnSnN2, with BAs, showing how BAs 
can be used as a high-thermal-conductivity substrate for type-II band aligned heterojunctions for 
photovoltaic and photodetector applications.   
 
2. Methodology 
Our DFT calculations for the band structure and band alignment use the projector augmented wave 
(PAW) method[29,30] and the Heyd-Scuseria-Ernzerhof (HSE06)[31] hybrid functional as 
implemented in the Vienna Ab initio Simulation Package (VASP).[32–34] To construct biaxially 
strained structures, we first relax the cubic unit cell, fix the in-plane lattice constant (𝑎∥) under –
4% to 4% strain, calculate the total energy as a function of the out-of-plane lattice constant (𝑎#) 
for each 𝑎∥, identify the 𝑎# that minimizes the total energy (Figure S1), and calculate the band 
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structure of the resulting crystal structure including spin-orbit coupling effects. For band-alignment 
calculations, we build strained and unstrained BAs slabs consisting of 12 layers (48 atoms) along 
the nonpolar (110) direction and calculate the plane-averaged electrostatic potential without 
relaxing the ions. We then use the energy difference between the average electrostatic potential 
inside the slab and in the vacuum region to align the BAs bands to vacuum. For the ZnSnN2 band 
alignment, we first align the order structure to the vacuum level using the same method as BAs 
except that the mixing parameter of HSE06 functional is chosen to be 31%, which is commonly 
used in previous DFT calculations on ZnSnN2 to match the experimental band gap.[28,35] Then, the 
partially disordered ZnSnN2 is aligned to the ordered structure directly using the band eigenvalues 
from the DFT calculations. The justification and details of this alignment procedure are provided 
in the Supporting Information. 
To calculate the electron and hole mobilities in strained and unstrained BAs, we use the 
Quantum ESPRESSO[36] and Electron-phonon Wannier (EPW)[37,38] codes. We employ the local-
density approximation (LDA) and the plane-wave norm-conserving pseudopotential method. We 
first relax the unit cell and subsequently apply a 1% biaxial tensile strain to the (001) plane and 
allow the out-of-plane (perpendicular) direction to relax to find the strained structure. We also use 
density functional perturbation theory[39] within Quantum ESPRESSO to calculate the phonon 
frequencies and displacements on a coarse 6´6´6 Brillouin-zone sampling (BZ-sampling) grid for 
the strained and unstrained geometries. We then use the EPW code to interpolate the electron-
phonon coupling matrix elements to fine BZ-sampling meshes (up to 120´120´120) and determine 
the electron and hole mobilities at 300 K for the strained and unstrained structures for free-carrier 
concentrations of 1018 cm–3. We also calculate the temperature dependence of mobility from 100 
to 500 K with 50 K steps on fine BZ-sampling meshes of 72´72´72. 
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3. Results and Discussion  
3.1. Strain Effects on the Band Structure and Absolute Band Positions 
We first examine the effects of strain on the band structure along the G–X and G–Z directions, 
which include the conduction band minimum (CBM) and valence band maximum (VBM). These 
results, calculated with the HSE hybrid functional and spin-orbit effects, are shown in Figure 2(a–
b) (Figure S4 shows the LDA band structure without spin-orbit effects). For the unstrained 
structure, the X (in-plane) and Z (out-of-plane) directions are equivalent by symmetry, and the 
conduction band minima along the G–X and G–Z directions are degenerate (Figure 2(a)). However, 
biaxial strain within the (100) plane breaks the cubic symmetry and splits the degeneracy of the 
CBM valleys near X and Z; the lower CBM occurs along the G–Z (G–X) direction under tensile 
(compressive) strain (Figure 2(b)). The broken symmetry under strain also affects the VBM by 
splitting the topmost two degenerate valence bands (Figure 2(b)). These effects are important in 
explaining the mobility findings we discuss in the following paragraphs. Strain also shifts the 
absolute band positions as shown in Figure 2(c). We find that the conduction band lowers and the 
valence band rises in energy with increasing strain (independent of its sign) within both the (100) 
and (111) planes. This decreases the band gap from 1.78 eV (unstrained) to 0.89 eV (for 4% tensile 
strain within the (100) plane) or 1.15 eV (for 4% compressive strain within the (100) plane). We 
find that strain within the (100) plane decreases the band gap more than within the (111) plane, 
probably due to the fact that the (100) plane is less close-packed than the (111) plane. Also, while 
tensile strain changes the band gap more than compressive strain for the (100) plane, the opposite 
trend is found for the (111) plane.  
3.2. Strain Effects on Carrier Mobility 
Next, we investigate the effect of tensile strain on the phonon-limited electron and hole mobility of 
BAs, i.e. the upper mobility limits in non-defective samples. We first evaluate the converged values 
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by plotting the calculated mobility at 300 K versus the inverse of the number of the BZ-sampling 
points and extrapolating (Figure S5). For unstrained BAs we find electron and hole mobility values 
of 1341 and 1387 cm2V–1s–1 at 300 K, respectively. We find excellent agreement between our 
calculated electron mobilities and the results of Liu et al.[13] (1400 cm2V–1s–1). However, there are 
discrepancies for the hole mobility (2110 cm2V–1s–1) since our mobility calculations do not include 
spin-orbit coupling, which results in a three-fold (instead of two-fold) degenerate VBM (Figure 
S4). This higher band degeneracy in the absence of spin-orbit effects results in more scattering 
channels and a proportionately lower mobility. In fact, our result of 1387 cm2V–1s–1 is almost 
exactly 2/3 of the value from Liu et al.[13] (2110 cm2V–1s–1), providing evidence for the strong 
impact of band degeneracy on the hole mobility. We note that our calculations for the electron 
mobility agree well with Liu et al.[13] since the CBM is not significantly affected by spin-orbit 
coupling.  
We next examine the mobilities of the 1% tensile-strained structure. From these calculations 
we find that the in-plane and out-of-plane mobilities at 300 K for electrons are 2417 and 482 cm2V–
1s–1, respectively, while the corresponding values for holes are 3550 and 2956 cm2V–1s–1. Therefore 
in BAs, tensile strain increases both the electron and hole mobilities of BAs, which is consistent 
with Si, which has a similar band structure.[20,21] 
By examining the band structures in Figure 2(b), we gain useful insight into the different 
mechanisms contributing to the increased mobility. In the case of electrons, we observe that tensile 
strain results in the lifting of the 3-fold degeneracy in the conduction band (Figure 3(a–b)), with 
the out-of-plane minima occurring ~200 meV below the two in-plane minima for 1% strain (Figure 
2(b)). This energy splitting has a strong effect on the effective mass of electrons. In an unstrained 
crystal, where all of the conduction valleys are degenerate (Figure 3(a)), the average effective mass 
of electrons is the directional average between the lighter transverse effective mass and the heavier 
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longitudinal effective mass [m* = (2mt*+ml*)/3 = 0.52].[11] On the other hand, in strained BAs, 
similar to strained silicon,[21] the majority of electrons occupy the lower-energy out-of-plane 
valleys (Figure 3(b)), so in-plane transport is governed only by the lighter transverse effective mass 
[m* = 0.24],[11] while out-of-plane transport is governed only by the heavier longitudinal effective 
mass [m* = 1.09].[11] This difference in effective mass therefore helps explain not only the elevated 
in-plane electron mobility, but also the suppressed out-of-plane electron mobility. Previous work 
on strained silicon also found that the changes in effective mass, as opposed to reduced intervalley 
scattering, are the dominant mechanism affecting the electron mobility.[21] 
In the case of the hole mobility, the effective masses of the topmost three valence bands at Γ 
are all similar to one another, so the increase of the hole mobility by strain is explained by a 
different mechanism: the reduction in the number of available hole scattering channels (Figure 
3(c–f)). Following from our previous discussion of the unstrained case, the inclusion of tensile 
strain leads to the topmost valence band becoming nondegenerate, with a separation of ~115 meV 
and ~145 meV with and without spin-orbit coupling, respectively. This reduction to only one hole-
scattering-channel leads to an increase in the hole mobility by approximately a factor of two 
compared to the unstrained spin-orbit-coupling-corrected results (where there were two scattering 
channels). We note that our result for the strained hole mobility is not expected to be strongly 
affected by the inclusion of spin-orbit coupling, since the top valence band of strained BAs is non-
degenerate – by a similar degree – whether spin-orbit coupling effects are included (Figure 3(f)) or 
not (Figure 3(e)). Unlike electrons, we find that strain also increases the out-of-plane hole mobility 
due to the same reduction in the number of hole scattering channels. We attribute the difference 
between the in-plane and out-of-plane hole-mobility values to the differences of the hole effective 
masses under strain, as the out-of-plane effective mass (m* = 0.25) is slightly higher than the in-
plane mass (m* = 0.22). The qualitative conclusions that the strain increased hole mobility is due 
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to the reduction of interband scattering caused by degeneracy lifting via broken symmetry, while 
the in-plane and out-of-plane hole-effective-mass differences are responsible for the slightly 
different values along the two orientations, are consistent with a similar investigation for strained 
Si.[21]  
We also examine the temperature dependence of the electron and hole mobilities in the 100–
500 K range (Figure 4(a–b)). For the unstrained case, we find that below 200 K, both the electron 
and hole mobilities follow a power law close to T–1.5 (Figure 4(c–d)), indicating a primarily 
acoustic-deformation-potential carrier-scattering mechanism. From 200 to 500 K we find that the 
temperature dependence of the electron and hole mobilities of unstrained BAs follow a T–2.14 and 
T–2.41 power law, respectively (Figure 4(c–d)), which is similar to the values found by Liu et al.[13] 
and indicates that optical-deformation-potential scattering becomes the dominant carrier-scattering 
mechanism.[40] In the presence of tensile strain, acoustic deformation potential remains the 
dominant carrier-scattering mechanism below 200 K. But in the 200 to 500 K range the temperature 
dependence of the mobility changes compared to unstrained BAs – decreasing to ~T–1.8 for 
electrons and increasing to ~T–3.0 for holes (Figure 4(c–d)) – signifying a qualitative change in the 
dominant electron scattering mechanism by tensile strain. We attribute the different temperature 
dependence under tensile strain to the weakening (strengthening) of the optical-deformation-
potential scattering of electrons (holes) due to the reduction of the valley (valence-band) 
degeneracy by tensile strain, respectively. 
3.3. BAs as a Lattice-Matched Substrate 
Next, we considered heterojunctions with other semiconductors where BAs is used as a substrate 
and their potential device applications. According to Figure 5(a), we determine that BAs can form 
lattice-matched interfaces with InGaN and ZnSnN2 and can solve several challenges that arise in 
adapting these materials for optoelectronic devices.  
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3.3.1. InGaN  
First, InGaN alloys have emerged as prominent optoelectronic materials due to their efficient 
luminescence, high absorption coefficient, and the broad tunability of their direct band gap across 
the entire visible spectrum by alloying (from 0.69 eV for InN[41] to 3.4 eV for GaN[42]).[23,43,44] 
However, the difficulty in growing high-quality InGaN films with high In concentrations limits the 
emission wavelengths of devices to shorter than green and is one of the major challenges for 
fabricating efficient InGaN-based amber and red LEDs[44] for, e.g., full-color displays, or efficient 
solar cells.[45] This growth challenge arises mainly due to the lack of lattice-matched substrates. 
GaN-buffered sapphire (0001) is the most common substrate for InGaN growth, but the lattice 
mismatch between GaN and InGaN increases with increasing In composition. The calculated 
critical thickness for the formation of misfit dislocation decreases rapidly with increasing In 
composition and becomes < 1 nm for In0.2Ga0.8N/GaN heterostructures,[45] which is too thin for 
efficient light emission in LEDs and light absorption in solar cells. 
Our calculations show that (111)-oriented BAs can be an alternative substrate or heterolayer 
for epitaxial InGaN growth. The hexagonal lattice constant of the BAs (111) plane (3.379 Å) is 
5.62 % larger than GaN (3.189 Å) and 4.56 % smaller than InN (3.533 Å). Applying Vegard’s law, 
we find that BAs can serve as an excellent substrate for InxGa1–xN growth with misfit strain less 
than 1% for In compositions of ~ 0.47, with a band gap of 1.75 eV[46] that enables red light emission. 
Thus, by exploiting a BAs substrate or epilayer, the light-emission wavelength range of InGaN-
based devices can be expanded to cover the full visible spectrum. Additionally, BAs and InxGa1–
xN (0.3 < x < 1) have type-II band alignment (Figure 5(b)).[47] Therefore, BAs substrates or 
epilayers can serve as a p-type junction for InGaN-based photovoltaic devices. For an In content 
of 50%, the band offsets between InGaN and BAs are calculated to be 0.42 eV for the CB and 0.30 
eV for the VB, which allows for the effective separation and collection of carriers.  
 10 
 
3.3.2. ZnSnN2 
Recently, the family of Zn-IV-N2 compounds has been proposed as a next-generation class of 
solar-absorber materials composed of Earth-abundant elements that can replace the costly and rare 
In and Ga of conventional group-III nitrides.[27] Among their favorable characteristics, the 
tunability of their direct band gap (between 1.12 and 2.09 eV) at a fixed composition by adjusting 
the degree of cation disorder is of particular interest.[48] Thin-films of Zn-IV-N2 compounds and 
alloys (e.g., ZnGexSn1–xN2) have been successfully synthesized using molecular beam epitaxy[49] 
and sputtering,[50,51] and the tuning of their band gap through controlled cation disorder has been 
demonstrated by adjusting the growth temperature or relative ratio of source elements.[48] Despite 
their attractive properties, there are limited studies concerning device integration and 
characterization with these materials since intrinsically high electron concentrations from donor 
point defects (VN, ON, and SnZn) hampers bipolar doping of this material.[35] Using alternative 
methods, a ZnSnN2/p-Si heterojunction was fabricated,[52] while NiO, Cu2O, and CuAlO2 have also 
been proposed as other suitable p-type semiconductors.[53] Still, the lattice mismatch for all these 
materials ranges from 10% to 15%, which is too large to achieve high-crystal-quality epitaxial 
interfaces. 
We propose n-ZnSnN2/p-BAs as an optimal hybrid structure for efficient photovoltaic 
applications. First, the cation disordered pseudo-wurtzite structure of ZnSnN2 has very close lattice 
match along the (111) plane of BAs with misfit strain less than 1%. Also, while ZnSnN2 is 
intrinsically n-type, BAs is p-type due to B-related acceptor type point defects and its doping level 
can also be controlled extrinsically by Si, Ge, and Be acceptors.[4] Band alignment of the 
heterojunction in the intrinsic case is shown in Figure 5(b) with band offset energies between BAs 
and ordered ZnSnN2 of 0.516 eV for the VB and 0.503 eV for the CB. Thus, effective separation 
of electrons and holes into different regions of the device is predicted. Furthermore, we note that 
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the ideal pair of band gaps for a two-gap multi-junction photovoltaic device are 1.1 eV and 1.8 eV. 
While both BAs and ZnSnN2 materials have intrinsic gaps close to 1.8 eV, a 1.1 eV gap in ZnSnN2 
may be achieved by full cation disorder, or a 1.1 eV gap in BAs may be achieved by epitaxial strain 
up to 4%, as shown in Figure 2(c).  
 
4. Conclusion 
In conclusion, we examine the potential of BAs for electronic and optoelectronic device 
applications by predicting important electronic properties of BAs for incorporation into devices as 
both a substrate material and an epitaxially grown thin film. As a thin film, we find that tensile 
epitaxial strain increases the in-plane electron and hole mobilities to 2417 and 3550 cm2V–1s–1, 
respectively. These values represent an 80% and 68% increase over the unstrained case, a 
significant improvement that could lead to faster switching and more energy efficient transistors. 
We find that at temperatures below 200 K acoustic deformation potential dominates carrier 
scattering, while above 200 K optical deformation potential becomes the dominant scattering 
mechanism. For bulk BAs as a substrate, we find In-rich InGaN and ZnSnN2 are candidate 
materials that can be epitaxially grown on BAs and form p-n junctions for lasers, LEDs, 
photodetectors, or photovoltaic cells. These junctions can cover the full visible spectrum, while 
simultaneously benefiting from the high thermal conductivity of BAs substrates for efficient heat 
removal.  
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Figure 1. Potential configurations of BAs in semiconductor devices. (a) Epitaxially grown BAs 
thin film as part of a transistor. Epitaxially straining BAs (inset) increases both the electron and the 
hole mobility. (b) Schematic of an optoelectronic device utilizing the junction between a thermally 
conducting BAs substrate for efficient heat extraction in conjunction with nearly-lattice-matched 
direct-band-gap semiconductor films for efficient light emission and absorption.  
 
 
Figure 2. (a) Calculated band structure of unstrained BAs along X to G and G to Z using HSE 
hybrid functional considering spin-orbit effects. The X and Z directions are equivalent due to the 
cubic symmetry. (b) The effect of biaxial strain within the (100) plane on the band structure of 
BAs. The upper panel shows the splitting of the degeneracy of the CBM valleys near X and Z under 
strain due to the broken symmetry. Tensile strain places electrons at the Z valley while compressive 
moves them to the X valleys. The bottom row shows the splitting of the degenerate topmost valence 
bands under strain. (c) Absolute band alignments of BAs relative to the vacuum level as a function 
of biaxial strain within the (100) (black lines) and (111) (blue lines) planes. The band gap is always 
reduced independent of the strain direction or sign. 
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Figure 3. Isosurfaces of the lowest conduction band at an energy 200 meV above the CBM in the 
first BZ for (a) unstrained and (b) 1% tensile-strained BAs. In the unstrained case all six valleys 
are symmetrically equivalent, while in the strained case carriers primarily populate the lower-
energy out-of-plane valleys. In the case of holes, the Figure shows the top valence bands for (c) no 
strain or spin-orbit coupling (3-fold degenerate VBM), (d) no strain but with spin-orbit coupling 
(2-fold degenerate VBM),  (e) 1% tensile strain but no spin-orbit coupling (non-degenerate VBM), 
and (f) 1% tensile strain and spin-orbit coupling (non-degenerate VBM). The calculated hole 
mobilities are primarily governed by the number of channels (bands) that contribute to hole 
scattering.  
 
(a) (b) No SOC SOC
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Figure 4. Temperature dependence of (a) electron and (b) hole carrier mobilities of BAs under 
tensile strain. The solid lines with circle markers show the results for unstrained BAs from our 
calculations (black/red) and those of Liu et al. (blue).[13] The mobilities under strain are shown for 
both the in-plane (dashed/squares) and out-of-plane (dotted/triangles) directions. Tensile strain 
increases the in-plane and reduces the out-of-plane electron mobility (due to changes to the 
effective mass), while it also increases both the in-plane and out-of-plane hole mobility (by 
breaking the topmost valence band degeneracy and reducing interband scattering). Temperature 
dependence of electron (c) and hole (d) mobilities shown on a log-log scale. There is a clear change 
in the power law governing the temperature dependence around 200 K in all cases. In the case of 
holes (and to a lesser extent electrons), strain increases the magnitude of the temperature 
dependence, indicating a change in the dominant scattering mechanism. Note that data from this 
work do not include spin-orbit coupling. 
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Figure 5. (a) Band gap versus in-plane lattice constant for BAs, wurtzite group-III nitrides, and 
orthorhombic Zn-IV-nitrides. InxGa1–xN with In concentration (x) from 0.46 to 0.65 and ZnSnN2 
are nearly lattice-matched to BAs with misfit strain less than 1%. (b) Band alignments of unstrained 
InxGa1–xN, BAs, and ZnSnN2 with respect to the vacuum level. The band positions of InxGa1–xN 
are plotted as a function of In content, x, while those of ZnSnN2 are plotted as a function of the 
long-range order parameter, S. BAs has type-II band alignments with n-type In0.5Ga0.5N 
and ZnSnN2, showing BAs can be a potential p-junction partner with these materials for efficient 
solar cell absorber. The band alignment data for InGaN is adapted from ref.[47] 
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Boron Arsenide Heterostructures: Lattice-Matched Heterointerfaces, and Strain Effects on Band 
Alignments and Mobility 
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Figure S1. The out-of-plane interplanar distance of BAs as a function biaxial strain when the strain 
is applied within (100) and (111) planes. 
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Band alignment of order and disorder ZnSnN2 
 
 
Figure S2. Planar-averaged electrostatic potential of ordered ZnSnN2 along the wurtzite nonpolar 
(112&0) direction (z direction). The macroscopic electrostatic potential is averaged over one unit 
cell along the z direction. The difference in electrostatic potential between the bulk and the vacuum 
region is 10.334 eV. 
 
To perform the ZnSnN2 band alignment calculations, we first relax the ordered structure and 
calculate its band gap by using the HSE06 hybrid functional[1] with a mixing parameter of 31%. 
Then an 8-layer slab (32 atom) is built along the wurtzite nonpolar (112&0) direction, and its average 
electrostatic potential is calculated with HSE06 without relaxing the ions (See Figure S4). The 
absolute band positions are determined from the energy difference of electrostatic potential 
between the bulk and the vacuum region.  
 
To model disordered ZnSnN2, we built 2´2´2 supercells (128 atoms) with random placement of 
Zn and Sn on the cation sublattice based on the long-range order parameter S. We then select the 
most thermodynamically favorable structures by choosing the supercells that exclude the Zn4/Sn4 
motifs, and maximize the fraction of Zn2Sn2 motifs. This follows the calculations by Lany et al.[2], 
who found that Zn4/Sn4 motifs are too energetically unfavorable to form. Subsequently, these 
supercells are fully relaxed, and their band gaps are calculated using the HSE06 functional. The 
valence band maximum (VBM) is determined from the average of the top 3 occupied valence states, 
while the conduction band minimum (CBM) is determined from the lowest unoccupied state. 
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The relative band alignment between the disordered structures and the ordered one is determined 
directly from the VBM, and CBM eigenvalues from the DFT calculations. This is because the 
energy differences of the electrostatic potential between the bulk and the vacuum region are almost 
the same with respect to the cation disorder in ZnSnN2 (See Figure S5). These electrostatic 
potentials are calculated using the slabs constructed along the wurtzite (101&0) directions, which 
ensures the vacuum regions are nonpolar. Due to the computational cost, these calculations are 
performed with PBE-GGA functional[3].  
 
 
Figure S3. Planar average electrostatic potential of order and disorder ZnSnN2 along the wurtzite 
nonpolar (101&0) direction (z direction). The macroscopic electrostatic potential is average over one 
supercell along the z direction. The difference in electrostatic potential between the bulk and the 
vacuum region varies within 150 meV for different degree of disorder, which indicates that disorder 
does not change the position of the bulk average electrostatic potential to the vacuum level.  
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Figure S4. Calculated band structure of (a) unstrained and (b) 1 % tensile strained BAs along X 
to G and G to Z using an LDA functional without spin-orbit effects.  
 
 
Figure S5. Convergence of (a) electron and (b) hole mobilities calculated without spin-orbit 
coupling at 300 K as a function of increasing electron and phonon Brillouin-zone sampling-grid 
density. We extrapolate to the fully converged value and compare to previously reported values 
from Liu et al. (blue dotted line).[4] We find that the in-plane electron mobility (dashed) increases 
by 80% under 1% tensile strain due to the lighter transverse effective mass, whereas the out-of-
plane mobility (dotted) is reduced by 64%. Strain also increases the hole mobility by 68% in-plane 
(dashed) and 40% out-of-plane (dotted) due to the reduction of the number of bands that holes 
scatter to.   
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